Contracting skeletal muscle increases glucose uptake to sustain energy demand. This is achieved through a gain in glucose transporter-4 (GLUT4) at the membrane, but the traffic mechanisms and regulatory signals involved are unknown. Muscle contraction is elicited by membrane depolarization followed by a rise in cytosolic Ca 2+ and actomyosin activation, drawing on ATP stores. It is unknown whether one or more of these events trigger the rise in surface GLUT4.
Introduction
Muscle contraction derives energy from both endogenous (glycogen and triglycerides) and exogenous (circulating glucose and fatty acids) sources. The contracting muscle has elevated rates of glucose uptake, a response known to be independent of insulin. Subcellular fractionation studies show that this is associated with an increase in glucose transporter GLUT4 levels in isolated plasma membrane (PM) fractions of variable purity (13, 17) . Further, the intracellular pool providing such GLUT4 appears to be distinct from the insulin-sensitive pool (10, 13, 49) .
Despite intensive research on the subject (23, 45, 54, 55) , relatively little is known about the mechanisms underlying GLUT4 dynamics in response to muscle contraction.
As well, there is little consensus regarding the signals regulating contraction-mediated glucose transport. While studies suggest that this response is independent of phosphatidylinositol 3-kinase (PI3K) (38, 42, 73) , the effector pathways invoked are diverse and include conventional protein kinase C (PKC) (28, 51), Ca 2+ -calmodulin-dependent protein kinase (CaMK) (71) , and/or 5'-AMP-activated protein kinase (AMPK) (3, 21, 45, 65, 68) .
Numerous physiological changes are associated with muscle contraction. The triggering event is membrane depolarization leading to a rise in cytosolic Ca 2+ levels. Metabolic changes such as reduction in ATP and glycogen stores as well as cytosolic acidification also occur, and in vivo this is compounded by an elevation in blood flow, catecholamines and additional circulating factors. It is not known which of these individual conditions acts as a stimulus to promote glucose transport into muscle cells. Indeed, some of these factors have the capacity to stimulate glucose uptake into skeletal muscle independently of contraction. In particular, pharmacological agents that induce Ca 2+ release from the sarcoplasmic reticulum (SR) without causing muscle contraction increase glucose uptake into skeletal muscle (74) .
Here we hypothesize that membrane depolarization can elevate surface GLUT4 levels leading to glucose uptake and that this involves selective effects on GLUT4 exocytic and endocytic rates. This hypothesis cannot be easily approached experimentally in intact muscle due to the difficulty in dissecting GLUT4 traffic routes in this tissue. Instead, L6 myotubes stably expressing myc-tagged GLUT4 (GLUT4myc) (66) are a useful cellular model amenable to study GLUT4 endocytic and exocytic traffic. The cells are responsive to insulin, which increases GLUT4 exocytosis without affecting its endocytosis, and are amenable to transfection, gene ablation via siRNA, and confocal fluorescence microscopy scrutiny (15, 25, 37, 40, 48) .
Moreover, L6 myotubes are devoid of sarcomeres and hence cannot mount a contraction response, allowing for a clean separation of the effects of depolarization and contraction.
The results obtained reveal that depolarization elicited in vitro by elevating extracellular K + , increases glucose uptake and surface GLUT4myc and that these effects are dependent on the intracellular Ca 2+ concentration. We further explore signalling pathways downstream of Ca
2+
, compare these with insulin-derived signals, and examine the effect on the exocytic and endocytic rates of GLUT4myc.
Materials and Methods
Human insulin (Humulin R with NaCl. All inhibitors were prepared in DMSO and diluted in HBS to indicated concentrations. The final concentration of DMSO never exceeded 0.1% (v/v). All stimulations were for 20 min unless indicated, and when investigating the effect of an inhibitor, the cells were pretreated with the inhibitor for indicated duration and then stimulated in the continuous presence of the inhibitor. Control cells were treated with DMSO only.
Determination of 2-deoxy-3 H-D-glucose uptake in cells.
2-Deoxyglucose (2-DG) uptake was measured as described earlier (34). Briefly, at room temperature, 2-DG uptake was measured for 5 min in the respective ionic solution containing 10 µM non-radioactive 2-DG and 10 µM 2-3 Hdeoxyglucose (1 µCi/ml). The reaction was stopped by two washes with ice-cold 0.9% NaCl Immunodetection of cell surface GLUT4myc. The amount of cell surface GLUT4myc was determined by an antibody-coupled colorimetric absorbance assay as was previously described (66) . Briefly, following stimulation, cells were exposed to polyclonal anti-myc antibody (1:100) for 60 min, fixed with 4% PFA for 10 min, and incubated with peroxidase-conjugated goat anti- 
Measurement of GLUT4myc externalization (recycling).
The rate of GLUT4myc externalization was determined as described (15) . Briefly, at 37°C, cells were stimulated while being exposed to polyclonal anti-myc antibody (1:200) for the times indicated. At each time point, cells were fixed with 3% PFA for 10 min, permeabilized with 0.1% TritonX-100 for 15 min, and lastly reacted with peroxidase-conjugated goat anti-rabbit IgG (1:1000) for 1 h at 4 °C to determine the amount of anti-myc antibody bound at the cell surface as well as that which had become labeled at the surface and subsequently internalized during the incubation time. Thus the amount of GLUT4myc labeled was determined using the OPD absorbance assay and was expressed as a percent of total cellular GLUT4myc content. Total cellular GLUT4myc was determined by incubating the cells with the anti-myc antibody following permeabilization, then proceeding with the secondary antibody as above.………………..
Measurement of GLUT4myc internalization (endocytosis).
GLUT4myc internalization was measured as was previously described (40) Statistical analysis. Statistical analyses were carried out using Prism 3.0 software (San Diego, USA). Two groups were compared using Student's paired t-test and more than two groups were compared using analysis of variance (ANOVA) with Tukey's post-hoc analysis.
Results
The muscle cell membrane maintains a membrane potential centered around the Nernst potential for K + due to the dominance of K + conductance over that of Na + and the active removal , a poorly permeating cation failed to increase 2-DG uptake into the cells ( Table 1 ),
confirming that the response is not the result of Na + ion removal from the medium. Further, replacement of potassium gluconate with sodium gluconate also failed to increase 2-DG uptake ( Table 1 ), confirming that the response is due to the presence of K + ions in the extracellular medium. Similar to K + -depolarization, addition of the Na + ionophore gramicidin, which readily depolarizes cells in normal NaCl containing medium, increased 2-DG uptake (Table 1 ). These results suggest that two distinct strategies that depolarize the muscle cell membrane increase glucose uptake regardless of the ionic mechanism achieved to elicit depolarization.
To verify that the increase in hexose uptake was due to a change in the rate of transmembrane uptake and not subsequent phosphorylation, we measured the effect of K + depolarization on the influx of 3-O-methylglucose, a non-phosphorylatable hexose. As shown in Figure 1B , the K + gluconate solution elevated the uptake of this hexose, demonstrating an increase in the earliest step in glucose uptake. To asses the contribution of GLUT4 to hexose flux, 2-DG transport into L6-GLUT4myc cells was measured in the presence of indinavir, a drug that directly binds and specifically inhibits GLUT4 (53) . As in previous observations, both basal and insulin-stimulated 2-DG uptake were inhibited by 70% in the presence of indinavir ( Figure   1C ) (53) . Similarly, 70% of K + depolarization-induced 2-DG uptake was inhibited by indinavir, suggesting that GLUT4 is the primary glucose transporter contributing to K + depolarizationstimulated glucose uptake.
Associated with glucose uptake was a gain in GLUT4myc on the PM provoked by K + depolarization ( Figure 2A ). The K + depolarization-induced gain in surface GLUT4myc was additive to that of insulin ( Figure 2A ) suggesting that the two stimuli may engage distinct and independent signalling pathways. Insulin activates class I, class II (C2α) and class IIβ phosphatidylinositol 3-kinases (PI3K), and extensive pharmacological and molecular studies support the participation of class I PI3K in insulin-stimulated glucose uptake (61). Moreover, the major product of class II PI3K, phosphatidylinositol 3-phosphate, also contributes to GLUT4 mobilization (30, 31, 43). Class I PI3K is inhibited by 100 nM wortmannin whereas obliterating class II activity requires up to ten times higher concentrations in intact cells (12) . The participation of any PI3K in exercise-induced glucose uptake is controversial (52) . To explore the possible participation of either class of PI3K in the depolarization-induced glucose uptake, L6 GLUT4myc myotubes were exposed to 100 nM or 1 µM wortmannin during depolarization and surface GLUT4myc was subsequently measured. Figure 2B shows that the K + depolarization-induced gain in surface GLUT4myc was unaffected by the higher concentration of wortmannin, whereas the insulin effect was completely abolished (similar results were observed with 100 nM wortmannin, not shown). Similarly, while insulin caused a robust increase in the phosphorylation of the PI3K-effector Akt, no change in Akt phosphorylation was observed upon K + depolarization ( Figure 2C ). Hence, the GLUT4 response induced by K + depolarization does not appear to require the participation of either PI3K or Akt. A further distinction between the insulin and depolarization effects was noted upon disruption of actin dynamics. An intact actin cytoskeleton and PI3K-dependent actin remodelling are required for insulin-mediated GLUT4 translocation in muscle cells (48) . Cytochalasin D, a specific inhibitor of actin filament assembly and a filament-severing agent, had no effect on the K + depolarization-mediated gain in surface GLUT4myc, while completely inhibiting the insulin effect ( Figure 2D ). This result suggests that the gain in surface GLUT4 elicited by K + depolarization proceeds in the absence of an intact actin network.
In the parental L6 muscle cells, depolarization by K + has been associated with a rise in cytosolic Ca 2+ (35) . Similarly, as measured by the Ca 2+ indicator Fura2-AM, the cytosolic Ca , also completely abolished the K + depolarization-induced gain in surface GLUT4myc ( Figure 3C) . Surprisingly, the presence of extracellular EGTA also partially inhibited insulin-induced gain in surface GLUT4myc. This is in agreement with previous reports that insulin causes a local rise in Ca 2+ beneath the PM and that Ca 2+ chelation reduces insulinmediated glucose transport (5, 6, 67, 70) .
Recent findings suggest that AMPK may be activated in a Ca 2+ -dependent manner, given the activation of this enzyme by CaMK kinase isoforms (19, 27, 69). Interestingly, K + depolarization caused an increase in AMPK phosphorylation ( Figure 4A ), although to a lesser extent than did DNP, a mitochondrial uncoupler and known activator of AMPK (47) . As expected, stimulation with insulin did not alter the phosphorylation state of AMPK. In order to seek a causative role of AMPK in K + depolarization-induced gain in surface GLUT4, the amount of αAMPK protein was reduced using a combination of two siRNA oligonucleotide sequences targeting the α1 and α2 subunits (37) . The combined siRNA lowered αAMPK expression by 85 ± 5.4% (p < 0.0001) compared to cells transfected with a non-related siRNA sequence ( Figure   4B ). This reduction was associated with a 65 ± 9.7% (p < 0.05) drop in K + depolarizationinduced AMPK phosphorylation ( Figure 4C ). Cells transfected with αAMPK siRNA displayed the normal insulin-induced gain in surface GLUT4myc, while the DNP-mediated response was completely abolished compared to the cells transfected with non-related siRNA ( Figure 4D) .
Surprisingly, the K + depolarization-induced gain in surface GLUT4myc was unaffected by the reduction in αAMPK protein level. These results suggest two possibilities: that although AMPK phosphorylation is induced by K + depolarization, this enzyme is not required for the K + depolarization-mediated response of GLUT4 or that the 10 to 20% of remaining AMPKα expression is sufficient to mediate the K + depolarization-induced effects.
We therefore explored whether CaMKII, a major CaMK isoform in muscle, is activated by K + depolarization. Activation of this enzyme is reflected in its state of phosphorylation. As shown in Figure 5A , while DNP robustly increased CaMKII phosphorylation, K + depolarization, like insulin, failed to induce any response. Moreover, pretreatment with the non-isoform specific CaMK inhibitor KN62 that binds to the calmodulin-binding site of the enzyme (11), did not affect significantly either K + depolarization-or insulin-induced gain in surface GLUT4myc
( Figure 5B ). These results suggest that CaMKII is unlikely to be a downstream target of Ca 2+ mediating the K + depolarization-induced responses.
In search for the Ca
2+
-pathway target leading to the depolarization-induced rise in surface GLUT4, the participation of PKC was explored using PKC inhibitors. At low concentrations, BIM and calphostin C inhibit PKC by binding, respectively, to the ATP and diacylglycerol binding sites (2, 4) . At a concentration of 1 µM, BIM completely abolished the K + depolarization-elicited gain in surface GLUT4myc without affecting either basal or insulindependent levels of the transporter at the membrane ( Figure 5C ). Similarly, at 250 nM, calphostin C did not alter either basal or insulin-stimulated amounts of surface GLUT4myc, but completely inhibited the response to K + depolarization ( Figure 5D ). Therefore, PKC is a plausible mediator of the depolarization-elicited rise in surface GLUT4.
The K + depolarization-induced elevation in surface GLUT4 may result from an increase in GLUT4 exocytosis, a reduction in its endocytosis, or both. To determine whether K + depolarization can boost the rate of GLUT4myc exocytosis, the time course of GLUT4myc appearance on the cell surface was detected in a live-cell recycling assay. The half-times for labeling of all GLUT4myc at the cell surface with anti-myc antibody in basal, insulin and K + depolarization-stimulated states were 90, 30 and 60 min, respectively ( Figure 6A ). This result indicates that K + depolarization increases the rate of GLUT4 exocytosis, although not to the same extent as insulin. Next we examined whether K + depolarization led to a reduction in GLUT4 endocytosis, by measuring the surface GLUT4myc remaining at different times following internalization of labeled GLUT4myc. Both in basal and insulin-stimulated states, GLUT4myc was internalized rapidly and to a similar extent ( Figure 6B ). The half-time of GLUT4myc internalization in basal, insulin and K + depolarization-stimulated states was 3.5, 4
and 8 min, respectively. Under K + depolarization, GLUT4myc was largely retained at the cell surface, so that 60 ± 4% of the amount labeled remained associated with the surface after 20 min (compared with 43 ± 5% in the basal state). Therefore, the K + depolarization-induced increase in surface GLUT4 levels is prominently associated with a reduction in GLUT4 endocytosis.
Discussion
Several studies in isolated, rat or frog skeletal muscles show that membrane depolarization can stimulate glucose uptake into muscle (9, 22, 24, 63) . Our results show for the first time that muscle cell depolarization without contraction increases glucose uptake in L6-GLUT4myc myotubes. The effects are comparable regardless of the mechanisms used to achieve depolarization (high extracellular K + or gramicidin). A study in the cardiomyocyte-derived cell line H9c2 also showed elevated glucose uptake and GLUT4 in response to depolarization (75) .
Therefore, it is plausible that the trigger of skeletal muscle contraction already has the ability to signal for an in increase glucose uptake into muscle fibers, presumably in anticipation of elevated energy requirement during contraction.
In the L6 cell system, depolarization increased the cytosolic Ca 2+ levels measured by integrating the fura-2 signal over the entire myotube. Since this is a measurement of the whole cytosolic Ca 2+ concentration, it is not surprising that the increase observed was small (150 nM) compared to the change observed in contracting skeletal muscle (up to 300 nM in slow-twitch and 2 µM in fast-twitch muscles) (8 Although AMPK was phosphorylated during depolarization, gene silencing of AMPK alphasubunits was without effect on the depolarization-induced gain in PM GLUT4. AMPK plays a variety of roles in regulating energy control and therefore it may participate in alternative responses elicited by depolarization (7). It is possible that AMPK may become important for glucose uptake beyond a certain activation threshold, and/or once muscle contraction has ensued.
AMPK is best known to be activated in response to a reduction in the ATP:AMP ratio (18).
Therefore, it is possible that the cellular ATP level needs to be compromised in order to achieve the necessary threshold of AMPK activity. DNP is a mitochondrial uncoupler that can markedly reduce cellular ATP levels, and is an established activator of AMPK (47) . Accordingly, through the use of AMPK alpha-subunit gene silencing we observed that AMPK is required for the DNPinduced stimulation of glucose uptake. We have previously shown that the response of glucose uptake to DNP is partially Ca 2+ -dependent (32). These results suggest that both Ca 2+ and changes in the ATP:AMP ratio, in combination, may contribute to AMPK activation in response to DNP.
CaMKs are calmodulin-dependent kinases that are activated in the presence of Ca 2+ (57) .
The involvement of CaMKII in depolarization-induced glucose uptake was explored since this is a major isoform expressed in skeletal muscle proposed to be involved in the stimulation of muscle glucose uptake (1, 8, 71 ). The lack of phosphorylation of CaMKII in depolarized L6 myotubes suggests that this enzyme is not activated at least at 10 min of stimulation. Halfmaximal activation of CaMKII occurs at a concentration of 0. Intriguingly, in earlier work we failed to see an increase in glucose uptake in the parental line of L6 myotubes exposed to the Ca 2+ ionophores A23187 (33) or ionomycin (36) . In the parental line, GLUT1 contributes significantly to glucose uptake (53) , possibly obscuring any effect that cytosolic Ca 2+ might have had on the endogenous GLUT4 (those cells showed low response to insulin and no response to hyperosmolarity or depolarization, unlike the GLUT4myc-expressing line used in the present study).
A major goal of this study was to map the impact of depolarization on mechanisms of GLUT4 traffic. Insulin increases cell surface GLUT4 level largely by increasing GLUT4 exocytosis (40, 56 ). An intact actin network, PI3K and Akt are required for GLUT4 translocation to the PM in response to the hormone (48) . Conversely, we demonstrate here that the gain in surface GLUT4 induced by depolarization is not prevented by wortmannin at concentrations that inhibit both class I and II PI3K. Moreover, K + depolarization did not increase Akt activity, which is however robustly activated by insulin. In mature muscle, the participation of PI3K and Akt in contraction-induced glucose uptake is debatable (52), but most studies agree that isolated skeletal muscle mounts an increase in glucose uptake during contraction that is independent of these two enzymes. Our results suggest that at least the triggering event of muscle contraction does not involve either signalling molecule. In addition, the depolarization-mediated gain in cell surface GLUT4 does not require an intact actin network, consistent with the observation that PI3K activation is a prerequisite for insulin-dependent actin remodelling in muscle cells (48) .
Accordingly, in search for differences in the mechanisms that underlie the gain in surface GLUT4 in response to depolarization and insulin, we compared the contribution of the two arms of GLUT4 traffic, exocytosis and endocytosis. The results revealed that during depolarization, the gain in GLUT4 on cell surface is achieved primarily by reducing the rate of endocytosis with a small increase in the rate of exocytosis. This behavior is radically opposite to that elicited by insulin. In contrast, a previous study shows that in primary cardiomyocyte cultures, electrical stimulation only promotes GLUT4 exocytosis (72) . The divergence of these observations is likely due to differences in the tissue and cellular systems utilized and the mode of stimulation.
While the observed effects may be specific to GLUT4, there is a possibility that the reduction in GLUT4 endocytosis is due to a generalized effect of depolarization on the membrane and thus on vesicular traffic. Hypertonic sucrose retains GLUT4 on the PM by disrupting the clathrin-coated pit formation and hence, preventing GLUT4 endocytosis (40) .
Depolarization may function in a similar manner to retain GLUT4 on the PM and this may explain its independence from dynamic actin remodelling (associated with the exocytic arm of GLUT4 traffic). The preventive effect of PKC inhibitors on the gain in cell surface GLUT4
suggests that this family of kinases may regulate GLUT4 endocytosis. It is noteworthy that certain PKC isoforms have been implicated in vesicular endocytosis in some cellular systems (16, 41, 62) . The precise mechanism whereby depolarization promotes GLUT4 endocytosis and the participation of PKC in this response require future investigation. Nonetheless, from the observation that depolarization minimally affects GLUT4 exocytosis we speculate that GLUT4 molecules responsible for the depolarization-induced glucose transport originate from the same pool of transporters that maintain basal glucose uptake (i.e. the recycling endosomes). This idea resonates with the increase in surface transferrin receptor, a marker of the endosomal recycling compartment, observed in contracting muscle (39) and with immunofluorescence studies suggesting that contraction mobilizes the transferrin receptor-associated pool of GLUT4 (49) . In contrast, insulin induces translocation of a distinct pool of GLUT4 transporters largely devoid of transferrin receptors (14, 29) .
In summary, depolarization-induced glucose transport produces its effects independently of the insulin-signalling pathway and an intact actin network. By contrast, the depolarization signal 
